Active microorganisms swim in a viscous fluid and imprint characteristic signatures of their propulsion mechanisms in the generated flow fields. Confinement of these swimmers often arises in both natural and technological contexts. A well-developed theoretical understanding of such confined flows is available but does not include the effect of confinement on the motility itself.
INTRODUCTION
Active microswimmers moving through viscous fluids are ubiquitous in the living world as well as in emerging nano-and microtechnologies [1] . Apart from microorganisms such as bacteria, sperm and algae, many artificial realizations are now available with applications in diagnostics, microfluidics, transport and drug delivery [2] [3] [4] [5] . They achieve self-propulsion by converting stored or ambient free energy into systematic mechanical motion [6] and exhibit a rich and complex range of nonequilibrium phases and topological defect dynamics [7] [8] [9] [10] [11] .
Microswimmers operate at low Reynolds number [12] where viscous fluid drag dominates over inertia in all functional and mechanical responses such as embryonic symmetry breaking, enhanced transport in suspensions, prey-predator dynamics, mechanosensing, flagellar mechanics, rheology and collective behaviour [13] [14] [15] [16] .
Confinement of microswimmers is prevalent in their natural world, for example spermatozoa swim through the narrow reproductive tract, bacteria and algae form dense biofilms [1, [17] [18] [19] [20] [21] [22] . The introduction of boundaries alters both their motility and flow fields through steric and hydrodynamic interactions [13, 23] with important emergent consequences [24] [25] [26] .
Understanding these effects has technological implications for realizing autonomous motion through microchannels for biomedical applications [5, 27, 28] . In this study, we identify the effect of strong confinement on the motility and hydrodynamics of a model microswimmer, Chlamydomonas reinhardtii (CR) in a quasi-2D chamber of height H comparable to the CR's body diameter D ∼ 10 µm. The unicellular, biflagellated alga CR, used extensively in studying active and biological fluid dynamics [29, 30] , is widely appreciated as a model organism for understanding cellular processes in biology such as phototaxis and ciliary beating [31] and more recently as a sustainable biofuel source [32, 33] . CR is a classic example of an active puller in 3D, drawing fluid in along the propulsion axis and ejecting it in the perpendicular plane [13] . To compare cellular motility and flow under strong confinement to the weakly confined or bulk case, we also study CR in H = 30 µm (denoted 'H30' cells).
Here, we show that both the motility and flow field of CR are dramatically altered under strong confinement, H = 10 µm. First, observations of their flagellar waveform distinguish two subpopulations of cells depending on body diameter, (a) Synchronously beating cells typical of a CR ('H10 Synchronous'), (b) Wobblers with asynchronous/paddler beat ('H10 Wobbler'). Second, the cellular speed decreases significantly and the trajectory toruosity increases with increasing confinement as we go from H30 to H10 cells. Third, the experi-mental flow field of H10 Synchronous cells has opposite flow vorticity, not only to that in the bulk, but also to those predicted from the source dipole theory of confined swimmers [34, 35] . We replace the complicated and expensive method of recursive images [34, 36] for the Stokes equation by a simplified theoretical treatment for the flow fields, based on a quasi-2D Brinkman approximation [37] , which we show is adequate for understanding the observed results. Solving this equation, we show that the vortex flow inversion arises due to two Gaussian force densities rather than the conventional three overall neutral point forces for CR [38] . Our experimental results establish that confinement not only alters the hydrodynamics but also modifies the swimmer motility which in turn impacts the fluid flows.
Most theoretical studies do not address the latter effect, as it is difficult to predict the exact change in the swimmer propulsion and motility due to confinement. Furthermore, our robust and efficient description using point forces in a quasi-2D Brinkman equation is simple enough to implement and analyse confined flows in a wide range of biological and synthetic active systems.
RESULTS

Experimental System
Wild-type CR cells (strain CC 1690) propel themselves through a fluid medium by the characteristic breastroke motion of two ∼ 11 µm long anterior flagella with beat frequency ν b ∼ 50 − 60 Hz. The cells are synchronously grown in 12:12 hour light:dark cycle in Tris-Acetate-Phosphate (TAP+P) medium [39] . Cell suspension is collected in the logarithmic growth phase within the first 2-3 hours of light cycle and re-suspended in fresh TAP+P medium. After 30 minutes, they are introduced in rectangular quasi-2D chambers (area, 18 mm × 6 mm) made up of a glass slide and coverslip sandwich with double tape of thickness H = 10/30 µm as spacer (Nitto Denko Corporation). Passive 200 nm sulfate latex microspheres are added as tracers to the cell suspension for measuring the fluid flow using particle tracking velocimetry (PTV). We use high speed video microscopy at ∼ 500 frames/second to capture flagellar waveform, cellular and tracer motion in the x−y plane at a distance H/2 from the solid walls, with a 40X phase objective in red light illumination (> 610 nm) to prevent phototaxis [40] and flagellar adhesion [41] of CR. The detailed experimental procedure is described in the Methods section. switches between these two kinds (Supplementary Movie S2). Hence, we collectively call them 'Wobblers' [43, 44] .
We can correlate the Synchronous and Wobbler nature of cells to their body diameter ( Fig. 1d ). The mean diameter of Synchronous cells (D = 12.28 ± 0.94 µm, n = 34) is higher than that of Wobblers (D = 9.92 ± 0.85 µm, n = 36). Hence, the former's cell body is squished and very strongly confined in H = 10 µm than the latter. This leads to planar swimming of Synchronous cells, whereas Wobblers try to spin about their body axis and trace out a helical trajectory. This is the natural motility mechanism of the ellipsoidal cell body of CR in bulk to scan the incident light from all directions through its eyespot for efficient photosynthesis [45, 46] . Thus, the Wobblers that are not restrained enough tend to sweep a helical trajectory but end up compromising their flagellar beat into asynchrony and/or paddling due to the solid boundaries.
The trajectory of CR cells in H = 30 µm is similar to that of bulk and has the signature of back and forth cellular motion due to recovery and power strokes of flagella ( Fig. 2a,d ).
As confinement increases, the drag on the cells due to solid walls increases and they trace out smaller distances with increasing twists and turns in the trajectory ( Fig cells. Notably, the cell speed u decreases by 96% from H30 ( u = 122.14 ± 31.59 µm/s, n = 52) to H10 Synchronous ( u = 4.07 ± 2.88 µm/s, n = 23).
Experimental flow fields
We measure the beat averaged flow fields of H30 and H10 Synchronous CR cells to systematically understand the effect of strong confinement on the swimmer's flow field. We consider the flow field for H30 cells only when their flagellar beat is in the x − y plane and not during cell body rotation about their swimming axis (Supplementary Movie S3), for appropriate comparison with planar H10 Synchronous swimmers. Figure 3a shows the velocity field for H30 cells obtained by averaging ∼ 178 beat cycles from 32 individual cells. It shows standard features of the CR's bulk flow field [38, 47] namely, far-field 4-loop flow of a puller, two lateral vortices at 8-9 µm from cell centre and anterior flow along the swimming direction till a stagnation point, 21 µm from the cell centre (Fig. 3b ). These near-field flow characteristics are quite well explained theoretically by a 3-Stokeslet model [38] or a 3-bead model [48] , where the thrust is distributed at approximate flagellar positions between two vorticity similar to that of bulk, but closer to the cell (Fig. 4b ) [34] . This is in contrast to the experimental flow field of a H10 Synchronous swimmer which has only 2 dominant recirculating loops (Fig. 3c) . Therefore, the 2D 3-Stokeselet model is an inappropriate description of the strongly confined flow. A closer look at the video microscopy of the H10 Synchronous swimmer (Supplementary Movie S1) shows that the cell is nearly stationary compared to the motion of its flagella. This can also be inferred from the ratio of the time taken by the cell body and flagellum to move by their respective body diameters, τ c /τ f , which is ∼ 3200 for strong confinement (H10) and ∼ 178 for weak confinement (H30). Therefore, the effect of cell drag is negligible when a CR is strongly confined. We verify our experimental insight, by superposing only two flagellar Stokeslets and observe qualitatively similar streamlines and vortex flows with that of the experimental flow field (Fig. 4c ). We note that the force density associated with a microswimmer in confinement will not in general integrate to zero as the solid boundaries act as momentum sinks [35, 50] . Therefore, another force is not required to balance the two flagellar Stokeslets in strong confinement. However, this theoretical '2-Stokeslet Brinkman flow ' (Fig. 4c ) also decays faster than the experiment as shown in the radial comparison of these two flows in Fig. 4d . The root mean square deviation (RMSD, see Methods for definition) between these two flows is 24%.
With the experimental streamlines and vortices well described by a 2-Stokeslet Brinkman mentally observed flow is mostly ascribed to the flagellar thrust due to distinct time scales of cellular and flagellar motion, as discussed above. Clearly, a delta-function point source will not be adequate to describe flagellar propulsive thrust as they are slender rods of length L ∼ 11 µm. We, therefore, associate a 2D Gaussian source g(r) = e −r 2 /2σ 2 2πσ 2 of standard deviation σ, to Eq. (1) instead of the point-source δ(r). Thus the quasi-2D Brinkman equation in Fourier space (2) for a Gaussian source gets modified to
Superposing the inverse Fourier transform of the above equation for two sources of F = (−1/2, −1/2) x at (x f , ±y f ) = (6, ±11) µm with σ ∼ L/2 = 5 µm, we obtain the theoretical flow shown in Fig. 5a , which has 8% RMSD with the experimental flow. Comparing these two flows along representative radial distances from the cell centre as a function of polar angle show a good agreement (Fig. 5b) . Notably, Fig. 5a i.e. the '2-Gaussian Brinkman flow ' has captured the flow variation and most of the experimental flow features accurately.
Specifically, these are the lateral vortices at 20 µm and an anterior stagnation point at 13
µm from cell centre. The only limitation of this theoretical model is that it cannot account for the front-back asymmetry of the strongly confined flow, as is evident from Fig. 5b for the polar angles 0 or 2π and π which correspond to ahead of and behind the cell, respectively.
This deviation is more pronounced in the frontal region as the cell body squished between the two solid walls mostly blocks the forward flow from reaching the cell posterior. Thus, the no-slip boundary on the cell body needs to be invoked to mimic the front-back flow asymmetry, which is a more involved analysis due to the presence of multiple boundaries and can be addressed in a follow-up study.
Now that we have explained the flow field of CR in strong confinement, we test our quasi-2D Brinkman theory in weak confinement, H = 30 µm. The cell speed is 30 times faster than that in strong confinement. Hence, we use the conventional 3-Stokeslet model for CR, but with a Gaussian distribution for each point source. We, therefore, superpose the solution of Eq. (3) for 3-Gaussian sources representing the cell body and two flagella in H = 30 µm.
The resulting flow field ( Supplementary Fig. S2 ) matches qualitatively with the experimental flow field of CR in weak confinement (Fig. 3a) , with 14% RMSD. This deviation is expected in weak confinement, H ≈ 3D, because the quasi-2D theoretical approximation is mostly valid at H ≈ D.
We now calculate the normalised spatial velocity-velocity correlation function of these
to estimate the enhancement in fluid mixing in strong confinement which is also evident in the videos of cell suspensions containing tracer particles ( Supplementary Movie S1, Fig. 5c ). The characteristic decay length scale of flows, λ, is 13.2 µm for the strongly confined flow, which is 37.5% higher than the weakly confined flow in H = 30 µm (λ = 9.6 µm), even though the cell is swimming very slowly in strong confinement.
DISCUSSION
Confined microswimmers are of great ecological, biophysical and technological importance and an abundance of situations arises in which the flow field dominates the relevant response or effect [17, 19, 22, 27, 51] . For example, predator-prey, nutrient uptake, physiological to predictions from theories in which the fundamental force-density content is assumed to remain unchanged as confinement is tightened [34, 35] . These results are complementary to other theoretical and experimental studies on confined microswimmer flows where the effect of confinement on motility was either ignored [34, 35] or observed to be insignificant [49] .
Our methodology is completely general and therefore can be used to test whether hard-wall confinement will similarly induce substantial changes in flows of active pushers and other kinds of microswimmers. We expect our work to inspire further studies to determine the enhancement of fluid mixing due to hard wall confinement of concentrated active suspensions [52, 53] . These effects can be exploited in microfluidic devices for efficient control, navigation and trapping of microbes and synthetic swimmers [5, 27, 28, 54] . [55, 56] . In addition, the coverslip and slide surfaces are also cleaned and coated with polyacrylamide brush to prevent non-specific adhesion of microspheres and flagella to the glass surfaces, prior to sample injection [56] .
METHODS
Surface
Sample imaging. The sample chamber containing CR and tracers is mounted on an inverted microscopse (Olympus IX83/IX73) and placed under red light illumination (> 610 nm) for 40 minutes to let the cells acclimatize, before recording any data. All flow field data, flagellar waveform and cellular trajectory (except for Fig. 2a at 100 frames/s to capture 8.2 s long trajectories of cells in H = 30 µm chamber ( Fig. 2a ).
Height measurement of sample chamber. We use commercially available double tapes of thickness 10 and 30 µm (Nitto Denko Corporation) as spacer between the glass slide and coverslip. To measure the actual separation between these two surfaces, we stick 200 nm microspheres to a small strip (18 × 6 mm 2 ) on both the glass surfaces by heating a dilute solution of microspheres. Next, we inject immersion oil inside the sample chamber to prevent geometric distortion due to refractive index mismatch between objective immersion medium and sample. The chamber height is then measured by focusing the stuck microspheres on both surfaces through a 60X oil-immersion phase objective (Olympus, 1.25 NA). We find the measured chamber height for the 10 µm spacer to be 10.88 ± 0.68 µm and for the 30 µm spacer to be 30.32 ± 0.87 µm, from 8 different samples in each case.
Particle Tracking Velocimetry (PTV). In phase contrast microscopy, the edge of CR's cell body appear as a dark line (Fig. 1a,b,c) , which is detected using the Ridge Detection plugin in ImageJ [57, 58] . An ellipse is fitted to the pixelated CR's edge and the major axis vertex in between the two flagellum is identified through custom-written Matlab codes. The cell body is masked and the tracers' displacement in between two frames (time gap, 2 ms) are calculated in the lab frame using standard Matlab tracking routines [59] . The velocity vectors obtained from multiple beat cycles are translated and rotated to the a common coordinate system where the cell's major axis is pointing to the right (Fig. 3a,c) . Outliers with velocity magnitude more than six standard deviations from the mean are deleted.
The resulting velocity vectors from all beat cycles (including those from different cells in H = 30 µm) are then placed on a mesh grid of size 2.24 × 2.24 µm 2 and the mean at each grid point is computed. The gridded velocity vectors are then smoothened using a 5 × 5 averaging filter. Furthermore, for comparison with theoretical flow, the x and y components of the velocity vectors are interpolated on a gridsize of 1 × 1 µm 2 . Streamlines are plotted using the 'streamslice' function in Matlab.
Trajectory tortuosity. Tortuosity characterizes the number of twists or loops in a cell's trajectory. It is given by the ratio of arclength to end-to-end distance between two points in a trajectory. We divide each trajectory into segments of arc-length ≈ 20 µm. We calculate the tortuosity for individual segments and find their mean for each trajectory. We consider the trajectories of all cells whose mean speed > 1 µm/s and are imaged at 500 frames/s through 40X objective. There were 52 H30 cells, 35 H10 Wobblers and 23 H10 Synchronous cells which satisfied these conditions and the data from these cells constitute Fig. 2g . and v th j are the experimental and theoretical magnitudes of the velocity fields at the j-th grid point, respectively and N G is the total number of grid points.
